Dyskeratosis congenita is a rare congenital telomeropathy characterized by cutaneous and nail dystrophy, oral leukoplakia, and bone marrow failure. Pulmonary fibrosis and cancers are late manifestations. Allogeneic hematopoietic stem cell transplant represents the only cure for those with bone marrow failure with this disease, but outcomes reported are overall poor, with organ toxicities, graft failure, and graft-versus-host disease as main issues. Although reduced intensity conditioning regimens seem to be related to better outcomes, a standard regimen for dyskeratosis congenita has never been defined. Here, we report a successful long-term outcome of an 8-year-old girl with dyskeratosis congenita who received 2 consecutive allogeneic hematopoietic stem cell transplants from different unrelated donors, because of rejection after the first one, both conditioned with fludarabine-based reduced intensity conditioning regimen. The second transplant was complicated by severe hemorrhagic cystitis and acute grade IV graft-versus-host disease in the early phase and mild chronic graft-versus-host disease and ureteral stenosis in the late phase. This experience confirms that dyskeratosis congenita is at high risk for transplant-related morbidity but that a fludarabine-based reduced intensity conditioning regimen is a safe and feasible option as a preparative regimen, as shown here in a second transplant after first graft rejection. To reduce the risk of graft-versushost disease, more effective prophylaxis schedules should be chosen in cases of unrelated donor, and haploidentical hematopoietic stem cell transplant with in vitro α/β+ and CD19+ depletion should be considered.
Introduction
Dyskeratosis congenita (DC) is a rare heterogeneous inherited disorder, characterized by abnormal skin pigmentation, oral leukoplakia, nail dystrophy, and bone marrow failure. 1, 2 Cancer predisposition with increased risk of squamous cell carcinoma and hepatolymphoid neoplasms and pulmonary fibrosis represent typical severe features of the disease. 3 About 60% to 70% of affected patients carry a mutation in telomerase genes (DKC1, TERC, TERT, NOP10, and NHP2), which are required to synthesize the tandem repeats of the TTAGGG sequencing or of the telosome/shelterin complex proteins (TINF2) acting at chromosome ends. 4 Their defect leads to telomere shortness and consequent chromosomal instability, with premature stem cell exhaustion, tissue failure, and high tissue sensitivity to toxic damage. 5 Moreover, high sensibility to oxidative stress has been demonstrated in DC-cultured cells. 6 Androgen therapy has been reported to improve bone marrow function 7 ; however, allogeneic hematopoietic stem cell transplant (HSCT) still represents the only curative option for DC-related bone marrow failure.
Few reports on HSCT for DC have been published so far. Although overall survival has progressively improved over the years with the introduction of reduced intensity conditioning (RIC) regimens, 8 organ toxicities, graft failure, and graftversus-host disease (GVHD) remain important issues. 8, 9 Here, we describe an 8-year-old girl with DC who received 2 successive allogeneic HSCTs.
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Case Report
The child was the only daughter of a family without significant history for hereditary diseases. She was asymptomatic until the 7th year of life when nail dystrophy appeared. After 10 months, she was referred to our institute for trilineage cytopenia. Laboratory results showed hemoglobin level of 6.5 g/dL, white blood cell count of 2.8 × 10 9 /L (absolute neutrophil count of 0.6 × 10 9 /L), and a platelet count of 10 × 10 9 /L. Bone marrow aspirate and biopsies showed severe hypoplasia, without any signs of malignancy or infections. The clinical suspicion of DC was confirmed by the identification of C844 C>T, p.Arg 282 Cys on exon 6 mutation on TINF2 gene. The mutation was de novo as the parent's genetic study excluded its inheritance. Functional respiratory tests and lung computed tomography scan were normal. Because of transfusion dependency, the patient received androgen therapy with danazol without significant improvement.
First hematopoietic stem cell transplant
Five months after diagnosis, at the age of 8 years and 3 months, in the absence of a sibling donor, the patient underwent a first HSCT from a 10/10 HLAmatched unrelated donor after a fludarabine-based RIC regimen and GVHD prophylaxis including alemtuzumab (anti-CD52 monoclonal antibody) ( Table 1 and Figure 1A) . Because of full-matched HLA compatibility, anti-HLA antibodies were not tested. A major early complication was severe BK virus-related hemorrhagic cystitis (grade 4) that was managed with antiviral therapy with low-dose cidofovir (1 mg/kg twice weekly), 10 bladder irrigation with hyaluronate-based drug, and analgesic therapy. After initial mixed chimerism, neutrophil engraftment, achieved on day +23, was followed by complete secondary rejection on day +41.
second hematopoietic stem cell transplant
At day 77 after the first transplant, a second allogeneic HSCT from a different donor was performed, using a RIC regimen with fludarabine and cyclophosphamide and a single-dose total body irradiation ( Figure 1B ). Oral mucositis (World Health Organization grade 4), the recurrence of severe and prolonged grade 4 BK-virus related hemorrhagic cystitis, and acute GVHD grade IV of skin and gut represented the main early complications after the second transplant (Table 1) . Acute GVHD, after initial steroid resistance, was successfully treated with second-and further-line therapies, which included etanercept (0.4 mg/kg twice weekly for a total of 16 subcutaneous doses), daily oral budesonide, and third-party mesenchymal cell infusions (a total of 3 infusions).
However, chronic/overlap GVHD persisted, with malabsorption/anorexia and scleroderma. The patient required further treatment with extracorporeal photochemotherapy, imatinib, and prolonged lowdose steroids, which slowly achieved a complete response. Cytomegalovirus reactivation characterized the periods of uncontrolled GVHD.
Due to the lack of platelet recovery, 5 months after HSCT, the patient received a boost of donor-derived stem cells (CD34+ selected), which led to a stable platelet engraftment, achieved 15 days after the infusion, and to a complete resolution of hemorrhagic cystitis. After the slow but progressive response of chronic GVHD and the improvement of intestinal malabsorption, the patient was discharged after 10 months of continuous hospitalization.
Twenty-one months after HSCT, an acute event with abdominal pain and hematuria occurred. Ultrasonography and computed tomography scans showed a bilateral hydronephrosis with dilatation of renal pelvis related to distal ureteral obstruction, which was confirmed with urinary tract endoscopy that excluded histologic abnormalities of the bleeding mucosal lesions. The bleeding ureteral stenosis and the consequent hydronephrosis were resolved by insertion of ureteral stents, with the patient's general condition improved during hyperbaric oxygen therapy.
Currently, 5 years after second HSCT, the patient is 13 years old and has good quality of life. She shows a mild cutaneous chronic GVHD controlled by topical products; blood count is normal with a stable full-donor chimerism. Intestinal function has normalized, although weight gain and statural growth are still delayed, as expected with this disease. The ureteral stenosis persists but is wellcontrolled by bilateral stents, replaced yearly without significant infections. She is receiving a follow-up program, which includes evaluations of late DC manifestations, such as pulmonary involvement (so far absent), and the development of cancers.
Discussion
The case reported here shows a successful outcome in a patient with DC after a second HSCT from a matched unrelated donor performed after rejection of the first one; however, the complications that occurred confirm that DC patients are at high risk for transplant-related issues.
Historically, HSCT has been associated with significant morbidity and mortality due to high sensitivity of DC patients to transplant-related damage. Thus far, only a small number of HSCTs in DC have been reported (Table 2) , which have shown high frequency and severity of transplant-related complications. These complications mainly include organ toxicity, engraftment failure, and endothelial complications, leading to death in most of them, in particular when an alternative donor had been selected. Among these, outcomes of patients reported to have failed engraftment and to have received a second transplant were poor, with death occurring in the first weeks after transplant because of infections or toxicity ( Table 2) .
The increased organ toxicity in DC patients is due to the telomeropathy-related tissue fragility, and it is considered the cause of the higher frequency of transplant-related morbidity and mortality observed after myeloablative conditioning regimens. 9 The introduction of RIC regimens seems to have played a crucial role in the reduction of toxicity and in the improved outcomes in these patients. 8 A recently published systematic literature review 11 concerning HSCT in DC showed 5-and 10-year overall survival rates of 57% and 23% with the use of alternative donors as the main variable related to worse outcomes (P < .001). In addition, even if 5-year overall survival rates were similar between conditioning regimens (P = .16), the overall survival at last follow-up reported was significantly better after RIC than after myeloablative conditioning regimens (66% vs 40%; P < .01). Engraftment failure (observed in 17% of cases), infections, and hemorrhage have been the main causes of death in the early phase and pulmonary and liver disease and vascular complications in the late phases. 11 Our patient received a fludarabine-based RIC with both transplants; the rejection observed after first transplant, prepared with alemtuzumab (Table 1, Figure 1 ), confirmed that DC can result in high risk of engraftment failure. As suggested previously, 12 alemtuzumab administration more distant from graft infusion could allow sufficient T-cell depletion in recipients with less in vivo T-cell depletion of the graft, reducing the risk of rejection and preserving an effective GVHD prophylaxis. In the second transplant, our patient received a higher dose of fludarabine in combination with cyclophosphamide, a single-dose total body irradiation (300 cGy), and antilymphocyte serum (antithymocyte globulin) ( Figure 1B) , which may have provided the needed immunosuppression to obtain full donor engraftment without fatal toxicity.
Telomeropathy-related hematopoietic dysfunction, which seems to impair the proliferative potential of stem cells and mesenchymal cell function and to modify cytokine expression in DC patients, 13 may have also played a role regarding engraftment issues, since this leads to an unfavorable bone marrow microenvironment. 14 In our patient, the use of donorderived CD34+ boost was crucial to overcoming the poor engraftment observed after the second transplant, and third-party mesenchymal cell infusion, given as GVHD treatment, may have also created a better environment in the bone marrow.
Severe ureteral complications occurred as the result of both the underlying unsuitable DNA repair mechanism and BK virus infection. Moreover, in a patient carrying a TINF2 mutation, which is known to be related to a severe phenotype, 15 the presence of a congenital anatomic malformation due to the disease cannot be excluded. Despite prophylaxis and a well-matched alternative donor, our patient experienced severe GVHD, which represents an important issue in this setting of patients since it could overload the risk of long-term DC manifestations, including pulmonary fibrosis and cancers. To reduce the risk of GVHD, donor selection and GVHD prophylaxis should be accurately performed. The low GVHD incidence after α/β+ CD3+ cell and CD19+ cell-depleted haploidentical HSCT for nonmalignant disease 16 suggests that this approach could be considered for DC patients who lack a sibling donor.
In conclusion, this case confirms that fludarabinebased RIC is a feasible option for transplant in DC patients. Although a standard regimen for DC has not yet been defined and the choice should be made on a case-by-case basis according to the selected donor and the patient's morbidity, an immunosup - pressive conditioning regimen such as fludarabinebased RIC plus mini-total body irradiation could be generally advisable, especially in cases of a second transplant.
